I. Neutral aminoaciduria in cystathionine ␤-synthase-deficient mice, an animal model of homocystinuria.
MAMMALIAN CELLS CAN SYNTHESIZE Cys from Met via the Met cycle and transsulfuration pathway. Two pyridoxal 5=-phosphate-dependent enzymes, cystathionine ␤-synthase (CBS; EC 4.2.1.22) and cystathionine ␥-lyase (CTH; EC 4.4.1.1), play essential roles in transsulfuration; CBS catalyzes the condensation of homocysteine (Hcy) and Ser to form cystathionine, while CTH catalyzes the hydrolysis of cystathionine into Cys. The kidney is one of the major organs for the expression of both CBS and CTH in mice (34, 53, 62) .
The tubular epithelium of the kidney is susceptible to injury from many causes, such as ischemia-reperfusion and the associated oxidative stress, nephrotoxins, inflammatory, and immune disorders; the outcome is often acute kidney injury, which may progress to chronic kidney disease and fibrosis (23) . Elevated plasma levels of Hcy are considered an independent risk factor for cardiovascular disease (18, 27, 52) , and hyperhomocysteinemia is very common among patients with chronic renal insufficiency and occurs almost uniformly in the end-stage renal disease population (21, 73) . In normal human subjects, ϳ75% of plasma total Hcy (tHcy: Hcy and all its derivatives that give rise to the thiol Hcy after reductive cleavage of disulfide bond) (51) is bound to protein, primarily albumin, while the remaining 25% (65-75% in the rat) (30) exists in free, unbound forms (mostly consisting of homocystine or Hcy-Cys dimer with only 1-2% existing in a reduced sulfhydryl state) (51) . Only such free forms of Hcy are thought to be freely filtrated at the glomerulus and reabsorbed along the renal proximal tubule (20, 30) , which may cause tubular cell injury by endoplasmic reticulum (ER) stress and reactive oxygen species (ROS) (28, 57, 72) . Decreased renal transsulfuration is associated with homocysteinemia in Dahl saltsensitive hypertensive rats (46) . Therefore, renal transsulfuration is important for Hcy clearance; it is responsible for the removal of ϳ20% of Hcy from the blood circulation in rats (10) , and 78% of L-Hcy (added to the culture) was metabolized through the transsulfuration in isolated rat kidney cortical tubules (29) . Meanwhile, there is accumulating evidence that several antioxidant Cys metabolites, such as glutathione (GSH, a reduced form), taurine, and hydrogen sulfide (H 2 S), exert protective effects against renal ischemia-reperfusion injury (9, 24, 48, 74) and the progression of renal fibrosis (14, 36, 47) .
This study examined renal amino acid reabsorption in both CBS-deficient (Cbs Ϫ/Ϫ ) and CTH-deficient (Cth Ϫ/Ϫ ) mice, a genetic model of homocystinuria (OMIN 236200) and cystathioninuria (OMIN 219500), respectively, based on our initial finding that both enzymes were coexpressed in renal proximal convoluted and straight tubules, the loci for the absorption of ions, urea, glucose, and amino acids. Here, we found urinary hyperexcretion of neutral amino acids in Cbs Ϫ/Ϫ mice.
MATERIALS AND METHODS
Mice. Heterozygous Cbs ϩ/Ϫ mice on a C57BL/6J background (B6.129P2-Cbs tm1Unc /J) were obtained from the Jackson Laboratory (Bar Harbor, ME) (3, 71) . Heterozygous Cth ϩ/Ϫ mice were generated by our group (33) . They were backcrossed for Ͼ10 generations with C57BL/6J Jcl (Japan Clea, Tokyo, Japan). Heterozygous Cbs ϩ/Ϫ and Cth ϩ/Ϫ mice were bred, and age-matched progenies were comparatively analyzed (3, 32, 33, 75) . All animal protocols were approved by the Animal Care and Experimentation Committees of Gunma and Keio Universities.
Western blot analysis. Five micrograms of tissue homogenates were analyzed by Western blotting as described previously (34) . CBS and CTH were detected with homemade anti-rat CBS (53) and anti-mouse CTH amino terminus (34) rabbit polyclonal antibodies, respectively. Mouse mercaptopyruvate sulfurtransferase (MPST) was detected with anti-human MPST amino terminus rabbit polyclonal antibody (Abgent, San Diego, CA).
Histochemistry. Anesthetized mice were perfused through the heart with PBS (pH 7.3), followed by 4% (wt/vol) paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.3). The pair of kidneys was dissected out, postfixed overnight in 4% PFA, cytoprotected by equilibrating in 30% (wt/vol) sucrose, embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan, Tokyo, Japan), and frozen on powdered dry ice. For staining using anti-conjugated Met antibody (Advanced Targeting Systems, San Diego, CA), 4% PFA was replaced with 2% (wt/vol) glutaraldehyde/2% PFA in PB. Coronal sections (10 m) were cut, collected onto glass slides, and then air-dried. The sections were washed with PBS, unmasked by Stuf Mark 2 (Universal; AbD Serotec, Oxford, UK), and washed with PBSϩ0.05% (vol/vol) Tween 20 and then PBSϩ1% (vol/vol) Triton X-100. After blocking by Blocking Reagent (Roche Diagnostics) in PBSϩ0.3% (vol/vol) Tween 20, the sections were preabsorbed with AffiniPure Fab Fragment Donkey Anti-Mouse IgG (HϩL; 1:10 dilution; Jackson ImmunoResearch) in PBS, washed with PBSϩ0.05% (vol/vol) Tween 20, and then subjected to each immunostaining.
Primary antibodies used were anti-CBS and anti-CTH mouse monoclonal (both 1:500; Abnova), homemade anti-CBS (53) and anti-CTH (34) rabbit polyclonal (both 1:500), anti-aquaporin-1 (AQP1) rabbit polyclonal (1:500; Chemicon), anti-aquaporin 2 (AQP2) goat polyclonal (1:500; Santa Cruz Biotechnology), anti-␣-smooth muscle actin (SMA) mouse monoclonal (ThermoFisher Scientific), anti-platelet/endothelial cell adhesion molecule 1 (PECAM1/ CD31) rat monoclonal (BioLegend), anti-chloride channel K1 (CLCK1) rabbit polyclonal (1:50; Alomone Labs), and anti-conjugated Met rabbit polyclonal antibodies. Secondary antibodies used were Alexa 488-conjugated anti-mouse (or anti-rabbit) IgG donkey polyclonal (Invitrogen), Alexa 568-conjugated anti-goat IgG donkey polyclonal (Invitrogen), rhodamine-conjugated anti-mouse (or anti- Fig. 1 . Coexpression of cystathionine ␤-synthase (CBS) and cystathionine ␥-lyase (CTH) in the mouse kidney. A: Western blot analysis of various tissues from 8-wk-old male mice to examine CBS, CTH, and mercaptopyruvate sulfurtransferase (MPST) expression. B: examples for specific labeling of CBS and CTH in the wild-type mouse kidney sections with the homemade polyclonal antibodies. Only faint (background) images were obtained with Cbs Ϫ/Ϫ or Cth Ϫ/Ϫ mouse sections compared with wild-type mouse sections. C-N: CBS/CTH double-immunostaining of kidney coronal sections from an 8-wk-old male mouse. Sections were labeled with anti-CBS rabbit polyclonal (C-F in red) and anti-CTH mouse monoclonal (G-J in green) antibodies; the merged images are shown in K-N. Magnified images are from the cortex (D, H, and L), the outer stripe of outer medulla (OSOM; E, I, and M), and the inner stripe of outer medulla (ISOM; F, J, and N) regions of C, G, and K, respectively. Scale bars ϭ 200 m (white in B, C, G, and K) or ϭ 50 m (yellow in others). GL, glomeruli. rabbit) IgG donkey polyclonal (Jackson ImmunoResearch), and rhodamine-conjugated anti-rat IgG goat polyclonal (Jackson ImmunoResearch) antibodies. Lectin markers used were FITC-conjugated Lotus tetragonolobus agglutinin (LTA; Vector Laboratories) and rhodamine-conjugated peanut agglutinin (PNA; EY Laboratories). The slides were coverslipped with PermaFluor (Beckman Coulter) and examined with a Zeiss LSM 510 META or Olympus FV1000D confocal laser-scanning microscope.
Kidneys that were fixed by 10% formalin and sectioned at 2 m by a paraffin method were stained with Mayer's hematoxylin and eosin Y [or periodic acid-Schiff (PAS)] solutions (Muto Pure Chemicals, Tokyo, Japan).
Measurement of tHcy and free amino acids in serum and urine. Blood samples were collected from hearts of diethyl ether-anesthetized 2-wk-old mice, and serum samples were prepared. Urine samples were taken from bladders of the anesthetized mice because of the difficulties in collecting 24-h urine from 2-wk-old pups. Both serum and urine samples were stored at Ϫ80°C until analyses. Levels of tHcy were measured using an Azwell autohomocysteine kit (Alfresa Pharma, Osaka, Japan) (33) . Levels of free standard amino acids, Hcy, cystathionine, taurine, and citrulline in serum/urine were measured using a HPLC system and an amino acid-labeling reagent [4-fluoro-7-nitrobenzofurazan (NBD-F); Dojindo, Kumamoto, Japan] as described previously (3, 33) . Cys and Trp are not detected because Cys does not exist in a reduced free form in serum/urine and Trp is not derivatized with NBD-F.
Microscopic urinalysis (urinary sediment). Fresh (not stored at Ϫ80°C) well-mixed urine samples were centrifuged at 2,300 g for 20 min at 4°C until a moderately cohesive sediment was produced at the bottom of the tube. The supernatant was decanted, and the sediment was stained with Sternheimer's solution (Labostain S; Muto Pure Chemicals). A drop of stained sediment was poured onto a glass slide, coverslipped, and analyzed under a microscope.
Measurement of serum/urinary biochemical parameters. Serum/ urinary levels of creatinine, total protein, glucose, uric acid, and urea nitrogen were measured using commercial enzymatic assay kits from Wako (Osaka, Japan). Urinary levels of H 2O2, biopyrrin, and 8-hydroxydeoxyguanosine (8-OHdG) were measured using a hydrogen peroxide assay kit (Cayman Chemical), Biopyrrin EIA kit (Dojindo), and a highly sensitive ELISA kit for 8-OHdG (JaICA, Shizuoka, Japan), respectively.
Metabolome analysis. The pair of kidneys was quickly dissected out, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until use. Low-molecular-weight metabolites were measured using capillary electrophoresis-mass spectrometry (CE-MS) as described previously (32, 75) . Levels of GSH and GSSG (a oxidized form of glutathione) were measured using coulometric electrochemical detection as described previously (33) .
Quantitative real-time RT-PCR. Total RNA was isolated from kidneys with TRIzol (Invitrogen) and further purified with a PureLink RNA minikit (Invitrogen). One microgram of RNA was used to produce first-strand cDNA with a ReverTra Ace qPCR RT Kit (Toyobo, Tokyo, Japan). A total of 5 ng cDNA from each sample was amplified via real-time PCR using SYBR Green Realtime PCR Master Mix (Toyobo); primer sets for the mouse solute carrier family 6 (neurotransmitter transporter), member 19 gene [Slc6a19; also known as apical broad-spectrum neutral (0) amino acid transporter, B 0 AT1] (5=-CATCAGTGACTCAGGCTCCA-3= and 5=-CCACGGATGA-GAAAGATGGT-3=), transmembrane protein 27 gene (Tmem27; also known as Collectrin) (5=-CTGTGCCCGTCTGGATTATT-3= and 5=- CACAAGGGATGCCATTTTCT-3=), angiotensin 1-converting enzyme (peptidyl-dipeptidase A) 2 gene (Ace2) (5=-TCACCCCAAAATGT-GTCTGA-3= and 5=-AGTGCCATCACAACACCAAA-3=), and housekeeping hypoxanthine guanine phosphoribosyl transferase gene (Hprt) (5=-GACTGATTATGGACAGGACTG-3= and 5=-ACTTCGGAG-ATGGGAGTGGA-3=); and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). B 0 AT1, Collectrin, and Ace2 mRNA levels were quantified using the comparative CT method with Hprt mRNA levels for normalization, and the average expression level in kidneys of 2-wk-old wild-type mice was set at 1.
Statistical analysis. Data are expressed as means Ϯ SD of independent samples (n as indicated). Statistical comparison between two groups of data was performed using two-tailed unpaired Student's t-test.

RESULTS
Coexpression of CBS and CTH in renal proximal tubules.
Western blot analysis revealed that the kidney is one of the major loci for the expression of transsulfuration enzymes (CBS Values are means Ϯ SD of independent samples; (n ϭ 8 -19; as indicated in parentheses, for tHcy and n ϭ 6 for others. tHcy, total homocysteine; ND, not detectable (Ͻ5 M).
a These values have been reported previously (33) . *P Ͻ 0.001, **P Ͻ 0.01, ***P Ͻ 0.05 vs. their respective ϩ/ϩ samples by t-test. Values are means Ϯ SD of independent samples expressed as mmol/mol creatinine; n ϭ 7 for tHcy and n ϭ 11 for others. A, acidic amino acids; B, basic amino acids; N, neutral amino acids. ND (Ͻ12.6 mmol/mol creatinine). *P Ͻ 0.001, **P Ͻ 0.01 vs. their respective ϩ/ϩ samples by t-test.
and CTH) as well as H 2 S-generating enzymes (CBS, CTH, and MPST) (60) in adult mice (Fig. 1A) . Immunostaining using anti-CBS or anti-CTH polyclonal antibody identified specific labeling in wild-type kidney sections, compared with faint labeling in Cbs Ϫ/Ϫ or Cth Ϫ/Ϫ kidney sections (Fig. 1B) . Double-staining using anti-CBS polyclonal and anti-CTH monoclonal antibodies revealed that CBS is mainly expressed in the tubular structures of the cortex and outer stripe of the outer medulla (OSOM) (Fig. 1, C-E) , the parietal epithelial cells of Bowman's capsules (Fig. 1, C and D) , and, to a lesser extent, in some thin tubular structures of the inner stripe of the outer medulla (ISOM) (Fig. 1F) . CTH was expressed in the tubular structures of the cortex/OSOM as well as the parietal epithelial cells of Bowman's capsules (Fig. 1 G-I ), but not in ISOM (Fig.  1J) ; CTH expression in OSOM (Fig. 1I ) was more apparent than in the cortex (Fig. 1H) . The merged images demonstrate that all CTH-expressing cells express CBS (Fig. 1, K-M) but CBS-expressing tubular cells in ISOM do not express CTH (Fig. 1N) . The same expression pattern was obtained with another set of antibodies: anti-CBS monoclonal and anti-CTH polyclonal antibodies (data not shown).
To identify CBS/CTH-expressing cell types, the sections were double-labeled with anti-CBS (either polyclonal or monoclonal) antibody and several renal cell type markers (Fig. 2) . In the cortex (and OSOM, data not shown), CBS (and thus CTH; Fig. 1 )-expressing cells were labeled with anti-AQP1 antibody ( Fig. 2A) , LTA (Fig. 2I) , and PNA (Fig. 2M ), but not with anti-AQP2 (Fig. 2C ), anti-SMA (Fig. 2E ), anti-PECAM1 (Fig.  2G) , and anti-CLCK1 (Fig. 2K) antibodies (41, 43, 50, 55, 58, 78, 79) . These staining patterns indicate that CBS (and CTH) is predominantly expressed in the proximal convoluted tubules (PCT) and proximal straight tubules (PST). CBS-positive (but CTH-negative) cells in ISOM were labeled only with PNA ( Fig. 2N ) and were tightly surrounded by SMA-and PECAM1-positive vasa recta (VR) (Fig. 2, F and H, respectively) . The end segments of the descending thin limb of Henle's loop (DTL) in the short-loop nephron do not express AQP1 (78) , and therefore, CBS-positive cells in ISOM are probably AQP1-negative DTL in the short-loop nephron. The obtained staining results are schematically illustrated in Fig. 2Q .
We previously demonstrated by Western blotting and CTH activity assay that renal CTH expression is regulated in mouse development (34) and during pregnancy (2) . Immunohistochemistry revealed that CBS was detectable from 2 wk of age Values are means Ϯ SD of 5-19 (as indicated in parentheses) independent samples with urinary parameters expressed as g/g creatinine (Cr). *P Ͻ 0.001, **P Ͻ 0.01, ***P Ͻ 0.05 vs. their respective ϩ/ϩ samples by t-test. and then gradually increased with age until 8 wk (Fig. 3A) . In contrast, CTH was expressed constantly in the renal cortical tubules from just after birth to 8 wk (Fig. 3B) . CTH (not CBS) expression at gestation day 15 (G15) was more evident than in nonpregnant littermates (Fig. 3) as found by previous Western blot analyses (2) .
No apparent histological abnormality in Cbs Ϫ/Ϫ and Cth
kidney. Because Cbs Ϫ/Ϫ mice rarely survive beyond the first 4 wk (3, 71) , the kidneys and their functions were comparatively analyzed at 2 wk of age before they start to die (3, 71) . Western blot analysis revealed the complete absence of CBS and CTH in the kidneys of 2-wk-old Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice, respectively (Fig. 4A) . Two types of staining (hematoxylin/eosin and hematoxylin/PAS) did not identify any apparent abnormality in either the Cbs Ϫ/Ϫ or Cth Ϫ/Ϫ kidney (Fig. 4, B 
-G). Abnormal serum and urinary amino acid contents in Cbs
and Cth Ϫ/Ϫ mice. Renal proximal tubules are the main segment for reabsorption of small solutes, including amino acids, glucose, phosphoric acid, salts, and urea. We measured serum and urinary amino acid levels to evaluate tubular amino acid reabsorption (Tables 1 and 2 , respectively). Because 2-wk-old mice may still depend on their mother's milk, wild-type, Cbs, and Cth mutant siblings from each heterozygous crossing were comparatively analyzed; the fold-difference from wild-type samples is presented in Fig. 5 . The normalization by creatinine contents (Table 3 ) enabled comparative analysis of urine samples (Fig. 5B) . Serum levels of tHcy were elevated and those of taurine were decreased in both Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice, whereas those of Met and cystathionine were extremely elevated only in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice, respectively (Table 1 , Fig. 5A ) (33) . Moreover, serum levels of Gln, Gly, His, Phe, Pro, Ser, and Thr were all highly upregulated in Cbs Ϫ/Ϫ mice, while those of Arg, Met, and Thr were only slightly upregulated in Cth Ϫ/Ϫ mice ( Table 1 , Fig. 5A ). Homocystine and cystathionine were highly accumulated in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ urine, illustrating the genetic basis for homocystinuria and cystathioninuria, respectively (Table 2) (33). Homocysteinemic Cth Ϫ/Ϫ mice (33) also displayed homocystinuria, although their urinary homocystine levels were lower than Cbs Ϫ/Ϫ mice (268 vs. 632 M with no creatinine adjustment). In addition, levels of some neutral amino acids (Val, Leu, Ile, and Tyr) that were not elevated in Cbs Ϫ/Ϫ serum were highly upregulated in Cbs Ϫ/Ϫ urine (2.8-, 4.6-, 5.5-, and 8.6-fold greater, respectively), and more strikingly urinary excretion of other neutral amino acids such as Gly, Ala, Ser, Thr, Gln, Pro, and Phe (except Met) was much more evident than expected from their serum amino acid levels in Cbs Ϫ/Ϫ mice ( Table 2 , Fig. 5B ). Except for neutral amino acids, His was the only proteinogenic amino acid that was highly elevated in Cbs Ϫ/Ϫ urine ( Table 2 , Fig. 5B ). In contrast, urinary levels of most proteinogenic amino acids (except Lys and Arg) were comparable between Cth Ϫ/Ϫ and wild-type mice (Table 2, Fig. 5B ).
Renal functions of Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice. We further assessed renal functions of the mutant mice by measuring several serum/urinary biochemical parameters (Table 3) . Serum levels of total protein, glucose, and urea nitrogen were decreased while those of uric acid were elevated in Cbs Ϫ/Ϫ (but not Cth Ϫ/Ϫ ) mice. In contrast, urinary levels of total protein and glucose were slightly elevated in Cbs Ϫ/Ϫ mice, indicating mild proteinuria and glycosuria. Furthermore, urinary levels of uric acid, H 2 O 2 , and biopyrrin (an oxidative product of bilirubin) (76) but not those of 8-OHdG (an oxidative product of DNA) (64) were elevated in Cbs Ϫ/Ϫ mice. The pH values were slightly higher in Cbs Ϫ/Ϫ urine (Table 3) . These results reflect some dysfunction in glomerular filtration and renal tubular reabsorption of some small solutes as well as increased whole body oxidative stress in Cbs Ϫ/Ϫ mice. Microscopic analysis of urinary sediments identified epithelial (or white blood cell) casts (Fig. 6, A and B) and some amorphous crystals (Fig. 6, A and C) in Cbs Ϫ/Ϫ urine, and some characteristic stick crystals in Cth Ϫ/Ϫ urine (Fig. 6F) . Because the amorphous crystals became soluble at 60°C (Fig. 6D ) or in (Fig. 6E) , they are likely uric acid that was highly (6.6-fold) elevated in Cbs Ϫ/Ϫ urine ( Table 2) . Because a standard reagent of cystathionine forms similar crystals at the corresponding concentration in urine (33.1 mM) (33) (Fig. 6G ) and the sole amino acid detected by HPLC in the urinary sediments of Cth Ϫ/Ϫ mice was cystathionine (Fig. 6H) , the stick crystals in Cth Ϫ/Ϫ urine were found to be cystathionine.
M KOH
Amino acid/creatinine measurement in both serum and urine enables the estimation of tubular amino acid reabsorption percentage (%T AA ) that is calculated by the equation: %T AA ϭ [1 Ϫ (U AA ϫ S CR )/(S AA ϫ U CR )] ϫ 100, where U AA and S AA are amino acid concentrations in urine and serum, respectively, and U CR and S CR are creatinine concentrations in urine and serum, respectively (35) . Thereafter, the reabsorbed and ex- Reabsorbed amino acid concentrations ϭ serum amino acid concentrations ϫ reabsorption percentage/100. Excreted amino acid concentrations ϭ serum amino acid concentrations Ϫ reabsorbed amino acid concentrations. The percentage of tubular amino acid reabsorption was calculated as described previously (35) . Means of independent samples (n Ն 5) are presented. Speculated transporter for each amino acid and the reference are shown. A, acidic amino acids; B, basic amino acids; and N, neutral amino acids. creted amino acid concentrations were calculated (Table 4) , which enables the estimation of tubular amino acid reabsorption percentages (Table 5 ). The calculated reabsorbed and excreted concentrations of each amino acid species are schematized in Fig. 7 .
Accumulation of Met in Cbs Ϫ/Ϫ kidneys and cystathionine in Cth Ϫ/Ϫ kidneys. Immunohistochemistry using anti-conjugated Met antibody identified faint Met accumulation in glomeruli and basolateral surfaces of proximal tubules in the cortex (Fig. 8E) and the periphery of VR in the ISOM (Fig. 8F ) of 2-wk-old Cbs Ϫ/Ϫ mice, which was not seen in wild-type mice (Fig. 8, A and B) . Staining was much more apparent in 3-wk-old Cbs Ϫ/Ϫ mice, especially in the cortex (Fig. 8G) . Metabolome analysis of the kidney by CE-MS also identified that Met was highly accumulated in Cbs Ϫ/Ϫ mice (Fig. 8I) . In contrast, Met was slightly but cystathionine was highly accumulated in the Cth Ϫ/Ϫ kidney (Fig. 8I) . The levels of S-adenosylmethionine (SAM) and total GSH were comparable between the genotypes; however, the levels of S-adenosylhomocysteine (SAH) were much higher in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ kidneys (Fig. 8I) , which may be a reflection of increased tHcy levels because SAH hydrolase is a bidirectional enzyme. In addition, taurine levels were slightly lower in Cbs Ϫ/Ϫ (not Cth Ϫ/Ϫ ) kidney compared with wild-type kidney (Fig. 8I) .
Increased expression of B 0 AT1 and collectrin in Cbs
kidneys. Neutral amino acids are mainly transported by the Na ϩ -dependent/Cl Ϫ -independent transporter B 0 AT1 (Table 5) , and the functional expression of B 0 AT1 is known to depend on the expression of the type I transmembrane protein collectrin in renal proximal tubules and that of the carboxypeptidase ACE2 in the small intestine (8, 61, 69) . We therefore examined their gene expression in kidneys of 2-wk-old wild-type, Cbs Ϫ/Ϫ , and Cth Ϫ/Ϫ mice by quantitative real-time RT-PCR. The renal expression of B 0 AT1 and collectrin was significantly higher in Cbs Ϫ/Ϫ mice than in wild-type and Cth Ϫ/Ϫ mice (Fig. 9 , A and B, respectively) while that of Ace2 was comparable between the genotypes (Fig. 9C) .
DISCUSSION
Homocysteinemia, a clinical condition with elevated levels of plasma Hcy, is caused by a deficiency of vitamins [e.g., B 6 , B 9 (folic acid), and B 12 ] and/or enzymes such as CBS and methylenetetrahydrofolate reductase. Severe hyperhomocysteinemia (Ͼ100 M tHcy in plasma) (39) is mainly caused by CBS deficiency; the patients exhibit urinary excretion of homocystine (homocystinuria) and various clinical manifestations including thromboembolisms, hepatic steatosis, ectopia lentis, skeletal abnormalities, and mental retardation (27, 52) . Molecular mechanisms by which Hcy exerts such effects are not fully elucidated. Hcy could induce ER stress, leading to the activation of unfolded protein response (5, 72), or produce ROS via auto-oxidation (28) . Elevated Hcy levels could be associated with increased methylation reactions, thereby producing more asymmetric dimethylarginine, an endogenous nitric oxide synthase inhibitor (45) , or modifying gene expression via epigenetic regulation (19) . Moreover, Hcy could be converted to Hcy thiolactone, thereby modifying protein Lys residues by N-homocysteinylation (56) . Cbs Ϫ/Ϫ mice, the first animal model of homocystinuria, display some pathophysiological features similar to homocystinuria patients, including hyperhomocysteinemia (209 M tHcy; Table 1 ), homocystinuria (463 M equivalent to 632 mmol/mol creatinine; Table 2 ), endothelial dysfunction, hepatic steatosis, and some central nervous system defects (3, 16, 17, 33, 53, 71, 72) . Cbs Ϫ/Ϫ mice also show severe growth retardation, and the vast majority of them die within 4 wk after birth (3, 71) ; however, the reasons for this are still unidentified. In contrast, cystathioninemia (cystathioninuria) by CTH deficiency is considered to be free of any striking clinical/pathological manifestations (26, 52, 67) , and Cth Ϫ/Ϫ mice appear normal under normal conditions although they show homocysteinemia (9, 33, 75, 77) . In this study, we found severe neutral aminoaciduria and histidinuria in 2-wkold Cbs Ϫ/Ϫ (not Cth Ϫ/Ϫ ) mice. Our (immuno)histochemistry revealed that CBS and CTH are coexpressed in the PCT/PST of the cortex/OSOM (Figs. 1  and 2 ), which we recently identified as the H 2 S-enriched locus Table 4 . The width of arrows indicates amino acid levels; rightward and downward arrows indicate reabsorbed and excreted amino acid levels, respectively, while their sum is identical to amino acid levels in primitive urine or serum.
in the kidney by innovative imaging technologies (1) . Amino acids of the primitive urine are nearly completely absorbed in the proximal tubules through a variety of functionally and structurally different amino acid transporters (11, 54, 68) . The main neutral amino acid transporter B 0 AT1 accepts all neutral amino acids, with a preference for large amino acids such as Met and branched-chain amino acids (8, 13, 42) ; these amino acids are taken up with a K m of ϳ1 mM, whereas smaller amino acids, especially Gly and Pro, are taken up with much higher K m values (12) . ASCT2 (Slc1a5) is another major Na ϩ -dependent transporter for medium/small neutral amino acids that has much higher substrate specificity for Ala, Ser, Thr, and Gln than Met, Leu, and Val (66) . Reabsorption of Pro and Gly involves two additional transporters, PAT1 (Slc36a1) and IMINO (Slc6a20) (11) . Homocystine, cystine, and dibasic amino acids (Lys, Arg, ornithine, and perhaps citrulline) are absorbed by a heterodimeric transporter, b 0,ϩ AT (Slc7a9)-rBAT (Slc3a1) (20, 21, 68) ; mutations in each gene are known to cause cystinuria (OMIN 220100), characterized by hyperexcretion of cystine and dibasic amino acids (68) , and intravenous administration of Arg/Lys or ␣-aminoisobutyric acid (an inhibitor of Arg, Lys, and ornithine tubular reabsorption) markedly induces urinary homocystine excretion (21) . Cystathionine is thought to be more readily cleared from plasma than other amino acids because it has very low tubular absorption; otherwise, it may be slightly absorbed via b 0,ϩ AT-rBAT because apparent net tubular secretion of cystathionine was found in a cystathioninuria patient after intravenous Lys administration (22) . Acidic amino acids (Asp and Glu) are reabsorbed via EAAT3 (EAAC1/Slc1a1) (38); His is absorbed via PHT1 (Slc15a4) and PHT2 (Slc15a3) (15) ; and taurine is absorbed by a taurine transporter TauT (Slc6a6) (65) .
The substrate specificity of B 0 AT1 has been studied using Xenopus laevis oocyte expression systems in several laboratories. Broer et al. (13) (Table 5) is mice (F), and at much higher levels, in the cortex and ISOM of 3-wk-old Cbs Ϫ/Ϫ mice (G and H, respectively). Scale bars ϭ 50 m. I: metabolome analysis of sulfur-containing amino acids in 2-wk-old WT, Cbs Ϫ/Ϫ , and Cth Ϫ/Ϫ mouse kidneys. Levels (nmol/g kidney wet wt) of Met, S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), cystathionine, and taurine were measured by capillary electrophoresis-mass spectrometry (CE-MS; n ϭ 7 each), and reduced/oxidized GSH levels were measured by CoulArray (n ϭ 8 each). SAM/SAH and GSH/total GSH levels were calculated. Significant differences were observed (*P Ͻ 0.001) by t-test.
generally consistent with such previous observations (Fig. 10) , suggesting that overflowed Met occupies the binding site of B 0 AT1 with an affinity higher than other neutral amino acids at the apical surface of the renal proximal tubule, thereby causing neutral aminoaciduria in Cbs Ϫ/Ϫ mice (Fig. 7B) . Elevated serum levels of some neutral amino acids (Gly, Ser, Thr, Gln, and Pro; Ser is the substrate of CBS, and Gly/Thr are precursors for Ser biosynthesis) may indeed contribute for their urinary hyperexcretion in Cbs Ϫ/Ϫ mice (Tables 1 and 5 ). Increased gene expression of B 0 AT1 and its associated protein collectrin in the kidneys of 2-wk-old Cbs Ϫ/Ϫ mice (Fig. 9 , A and B, respectively) may be adaptive responses to meet the demand for neutral amino acid absorption.
Hartnup disorder is an autosomal recessive metabolic disorder (OMIN 234500) characterized by increased urinary/intestinal excretion of neutral amino acids and caused by mutations in B 0 AT1 (42, 59) . Individuals with typical Hartnup aminoaciduria may be asymptomatic, although some develop a pellagralike light-sensitive rash, cerebellar ataxia, and other neurological or psychiatric features (6). B 0 AT1-deficient mice display neutral aminoaciduria and mild growth retardation (12) ; the phenotypes found in B 0 AT1-deficient patients and mice are not similar to those of CBS-deficient homocystinuria patients and mice, except for neutral aminoaciduria in mice (Table 2) (3, 52, 53, 71) . Unfortunately, we could not find any case reports of neutral aminoaciduria in homocystinuria patients.
Most proteinogenic amino acid levels were normal in Cth Ϫ/Ϫ urine, which highly contrasts with Cbs Ϫ/Ϫ urine (Table  2) ; however, diminished levels of taurine are common findings in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ urine ( Table 2) . Taurine is known to act as an organic osmolyte in renal tubule cells (4) , and its renal reabsorption may range from 40 -99.5% compared with 98 -99% for most amino acids (25) . The body pool of taurine is controlled through renal adaptive regulation of TauT in response to taurine availability (25) . Taurine levels were decreased in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ serum (Table 1 ) and the Cbs Ϫ/Ϫ kidney (Fig. 8I) ; therefore, taurine may be more actively reabsorbed in renal tubule cells (Fig. 7) . The calculation of both reabsorbed and excreted amino acids (Tables 4 and 5) indicates that cystathionine was more enriched in Cth Ϫ/Ϫ urine than in serum (Fig. 7C) . Cystathionine was highly accumulated in the Cth Ϫ/Ϫ kidney (Fig. 8I) , and thus CBS may actively convert Hcy to cystathionine in the proximal tubules of Cth Ϫ/Ϫ mice (29) . A recent report demonstrated that propargylglycine (a CTH inhibitor)-induced elevated cystathionine significantly attenuates hepatic steatosis, renal tubular injury, and apoptotic cell death in wild-type mice treated with tunicamycin, an ER stress inducer (49); therefore, highly elevated levels of cystathionine may protect proximal tubule cells from Hcy-induced toxicity in the Cth Ϫ/Ϫ kidney, even though the levels of cytoprotective H 2 S (9) may be low. The system for cystathionine excretion into urinary ducts remains unknown, but this may contribute to increased urinary excretion of tHcy, Lys, and Arg in Cth Ϫ/Ϫ mice ( Table 2 ) since they could share the transporter b 0,ϩ AT-rBAT (Table 5 ). Urinary levels of His were highly upregulated in Cbs Ϫ/Ϫ but not Cth Ϫ/Ϫ mice, but the reason for this is currently unknown.
Although mild proteinuria/glycosuria, increases in oxidative stress (H 2 O 2 and biopyrrin) ( Table 3) , and epithelial (or white blood) cell casts in urinary sediments (Fig. 6 , A and C) were observed, 2-wk-old Cbs Ϫ/Ϫ mice, which soon start to die (3, 71) , seem to maintain rather normal renal functions, as revealed by their serum creatinine/uric acid/urea nitrogen levels (Table 3 ) and histological appearance (Fig. 4) . Met, the most toxic amino acid among proteinogenic amino acids (7) that cause oxidative cellular injury (75), was highly accumulated in Cbs Ϫ/Ϫ kidneys while their SAM levels were maintained (Fig.  8I ). This may be because the kidney expresses only Met adenosyltransferase II (MAT II) for Met conversion to SAM, and MAT II activity is potently inhibited by SAM (63) . SAH levels were rather elevated by the bidirectional reaction of SAH hydrolase in homocysteinemic Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice (Fig. 8I) , probably protecting the kidney from hypermethylation by Met overload. However, rats fed a high-Met diet displayed increased renal NF-B-mediated mRNA/protein expression of monocyte chemoattractant protein-1 (MCP-1) as well as leukocyte infiltration (determined by myeloperoxidase (Table 5 ) and numbered/colored in gradients from red to green. Right: the same amino acids were accordingly labeled with numbers and colors depending on their specificity reported in each reference. activity assay) (31) . Methionine is susceptible to oxidation by ROS under physiological conditions, and the major product is cytotoxic methionine sulfoxide (37, 75) , and mice lacking its degradation enzyme, methionine sulfoxide reductase A, were more susceptible to renal ischemia-reperfusion injury than wild-type mice (40) . Therefore, hyperaccumulation of Met may later cause serious oxidative damage in the kidneys of Cbs Ϫ/Ϫ mice. Even in the complete absence of Cys biosynthesis in both Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice, GSH levels were maintained in their kidneys (Fig. 8I) (70) . Among the five organs tested (skeletal muscles, liver, kidney, heart, and brain), the kidney was the sole organ that maintained GSH levels after dietary restriction of Cys (for 1 wk) in Cth Ϫ/Ϫ mice (33) . GSH may act as a gatekeeper against oxidative injury in the kidney (44) , even in Cbs Ϫ/Ϫ and Cth Ϫ/Ϫ mice. The relevance of our findings to human diseases awaits further investigation because homocystinuria patients exhibit hypermethioninemia but not obvious renal abnormalities (52) .
In conclusion, CBS and CTH are coexpressed in the renal proximal tubules and involved in transsulfuration for Hcy clearance and H 2 S production. CBS but not CTH deletion in mice causes hyperexcretion of both glucogenic and ketogenic neutral amino acids and His (including at least 7 essential amino acids: Met, Val, Ile, Phe, Thr, Leu, and His) in urine, which may contribute to severely retarded growth in Cbs Ϫ/Ϫ mice.
